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Bone morphogenetic protein 15 (BMP15) and growth differentiation factor 9 (GDF9) are oocyte-specific growth factors that appear to
play key roles in granulosa cell development and fertility in most mammalian species. We have evaluated the role(s) of these paracrine factors
in the development and function of both the cumulus cells and oocytes by assessing cumulus expansion, oocyte maturation, fertilization, and
preimplantation embryogenesis in Gdf9+/Bmp15/ [hereafter, double mutant (DM)] mice. We found that cumulus expansion, as well as
the expression of hyaluronon synthase 2 (Has2) mRNA was impaired in DM oocyte–cumulus cell complexes. This aberrant cumulus
expansion was not remedied by coculture with normal wild-type (WT) oocytes, indicating that the development and/or differentiation of
cumulus cells in the DM, up to the stage of the preovulatory luteinizing hormone (LH) surge, is impaired. In addition, DM oocytes failed to
enable FSH to induce cumulus expansion in WT oocytectomized (OOX) cumulus. Moreover, LH-induced oocyte meiotic resumption was
significantly delayed in vivo, and this delayed resumption of meiosis was correlated with the reduced activation of mitogen-activated protein
kinase (MAPK) in the cumulus cells, thus suggesting that GDF9 and BMP15 also regulate the function of cumulus cells after the
preovulatory LH surge. Although spontaneous in vitro oocyte maturation occurred normally, oocyte fertilization and preimplantation
embryogenesis were significantly altered in the DM, suggesting that the full complement of both GDF9 and BMP15 are essential for the
development and function of oocytes. Because receptors for GDF9 and BMP15 have not yet been identified in mouse oocytes, the effects of
the mutations in the Bmp15 and Gdf9 genes on oocyte development and functions must be produced indirectly by first affecting the granulosa
cells and then the oocyte. Therefore, this study provides further evidence for the existence and functioning of an oocyte–granulosa cell
regulatory loop.
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Bidirectional signals govern and coordinate the develop-
ment and function of mammalian oocytes and granulosa cells
leading to the proposal that an oocyte–granulosa cell
regulatory loop exists (Eppig, 2001). In this hypothesized
loop, oocyte-derived signals regulate the development and276 (2004) 64–73
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granulosa cells in turn promote the development of a
fertilizable oocyte with full competency to undergo preim-
plantation embryo development (Eppig, 2001; Matzuk et al.,
2002). This regulatory loop appears to function at all stages of
follicle development. For example, in preovulatory follicles,
the oocyte–granulosa regulatory loop operates in inducing
oocyte germinal vesicle breakdown (GVB), the first morpho-
logical manifestation of the resumption of meiosis. GVB
requires activation of mitogen-activated protein kinase
(MAPK; specifically ERK1/2) in cumulus granulosa cells
(Su et al., 2002). Activation of cumulus cell MAPK requires a
signal from the oocyte as well as a somatic cell-derived signal
downstream of the preovulatory luteinizing hormone (LH)
surge (Park et al., 2004; Su et al., 2003). By enabling the
activation of MAPK in cumulus cells, oocyte-derived signals
promote production of a positive signal by granulosa cells
that induce GVB. As an additional example of the regulatory
loop, ovulation of the mature oocyte depends upon cumulus
expansion (Chen et al., 1993; Hess et al., 1999), which
requires both oocyte-derived paracrine signals and those
induced by the LH surge (Su et al., 2002, 2003). Thus, many
facets of the development and function of both the oocyte and
the somatic follicular components depend on coordination by
the oocyte–granulosa cell regulatory loop. A key challenge is
to identify the signaling elements that participate in this loop.
Growth differentiation factor 9 (GDF9) and bone mor-
phogenetic protein 15 (BMP15) are two members of the
transforming growth factor h (TGFh) superfamily (Chang et
al., 2002) that are expressed by oocytes and play key roles in
granulosa cell development and fertility in animal models
(Dong et al., 1996; Yan et al., 2001). In mice, deletion ofGdf9
by homologous recombination (Gdf9tm1Zuk/Gdf9tm1Zuk, here-
after Gdf9/) results in arrest of ovarian follicular develop-
ment at the primary follicle stage (Dong et al., 1996) because
proliferation of cuboidal granulosa cells fails to occur (Elvin
et al., 1999b). The study of GDF9 function in later stages of
development thus requires the use of recombinant GDF9 in
culture systems. In such studies, GDF9 promoted granulosa
cell proliferation, suppressed the expression of LH/CG
receptor (Lhcgr) in granulosa cells, and stimulated the
expression of genes in cumulus cells, hyaluronon synthetase
2 (Has2), and prostaglandin synthetase 2 (Ptgs2) (also
known as cyclooxygenase 2, Cox2), which are required for
the expansion (mucification) of the cumulus oophorus and
ovulation, thus mimicking the actions of native oocyte-
derived factors observed in oocyte–cumulus cell coculture
experiments (Elvin et al., 1999a, 2000). Moreover, the
actions of recombinant GDF9 resembled the action of native
factors secreted by growing oocytes isolated from secondary
follicles in promoting the synthesis of proteins by granulosa
cells associated with the secondary to tertiary stage transition
during follicular development (Latham et al., 2004).
Although the function of BMP15 in mice appears less
dramatic than in domestic species (Juengel et al., 2002;
McNatty et al., 2002), deletion of Bmp15 in mice(Bmp15tm1Zuk/BMP15tm1Zuk, hereafter Bmp15/) does
have some negative effects on fertility (Yan et al., 2001).
The effects of Bmp15 deletion on ovarian histology were
subtle but included a reduction in the number of oocytes that
underwent fertilization after the administration of eCG and
hCG and subsequent mating (Yan et al., 2001). Recombi-
nant BMP15 promoted the proliferation of rat granulosa
cells in culture but suppressed the actions of FSH, probably
by reducing the expression of FSH receptor, thus providing
further evidence that BMP15 functions in rodents as well as
domestic species to affect follicular development (Otsuka et
al., 2000, 2001; Shimasaki et al., 2002).
BMP15 and GDF9 act synergistically in mice to affect
development of the oocyte–cumulus cell complex (Yan et al.,
2001). Although no defects have been previously observed in
reproductive processes of Gdf9 heterozygous mutant mice,
the oocyte–cumulus cell complexes of double mutants
[Gdf9+/Bmp15/, hereafter DM] exhibited phenotypes
more dramatic than those from Bmp15/ mice (Yan et al.,
2001). After ovulation, the expanded cumulus oophorus of
DM mice was unstable, and the cumulus cells eventually
were precociously released from the mucified matrix. More-
over, the percentage of oocytes that underwent fertilization
after mating was significantly less than in Bmp15/ mice
(Yan et al., 2001). Although it is clear from these studies that
the full complement of the Bmp15 and Gdf9 gene products is
necessary for the normal development of the oocyte–cumulus
cell products, it was not possible to untangle the mechanisms
that produce the abnormal phenotypes in vivo, given the
complexity of interacting events. For example, is the differ-
entiation of cumulus cells abnormal before the preovulatory
surge of luteinizing hormone, resulting in a deficient response
to maturation signals derived from the surge? Or, is the
abnormal mucification of the cumulus due only to insufficient
signaling by mutant oocytes after the LH surge? Isolation of
events by manipulation in vitro could clarify these issues.
Therefore, to define the consequences of theBmp15 andGdf9
mutations more fully, we assessed oocyte maturation,
cumulus expansion, egg fertilization, and embryo develop-
ment in vitro. Moreover, we tested the development and
function ofmutant cumulus cells and oocytes by assessing the
effects of normal oocytes on mutant cumulus cells as well as
mutant oocytes on normal cumulus cells. Finally, we
extended observations to analysis of events in vivo and
activation of MAPK in mutant cumulus cells during hCG-
induced meiotic maturation of the oocyte.Materials and methods
Mice
Bmp15+/, Bmp15/, Gdf9+/, and Bmp15/Gdf9+/
(DM) female mice were produced and genotyped at Baylor
College of Medicine (Houston, TX) and shipped to, and
maintained at, The Jackson Laboratory importation facility
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B6SJLF1) female and male mice were produced and raised
in the research colony of the investigators at The Jackson
Laboratory. Males used as a source of sperm for in vitro
fertilization protocols were housed individually for at least 4
weeks before use. B6SJLF1 oocytes were used as wild-type
(WT) oocytes in coculture experiments. Adult (N6 weeks
old) mutant mice and immature 22- to 24-day-old B6SJLF1
mice were used for all experiments.
Oocyte in vitro maturation, fertilization, and
preimplantation embryo development
Follicular development was stimulated by intraperitoneal
injection of mice with 5 IU eCG (National Hormone and
Peptide Program, NIDDK). Oocyte isolation, in vitro
maturation, fertilization, and preimplantation embryo culture
were carried out as described previously (Eppig, 1999).
Briefly, oocyte–cumulus cell complexes (OCCs) were iso-
lated 44–48 h post-eCG injection by puncturing the large
antral follicles with a pair of 26 gauge needles and collected
by a fine pore drawn glass pipette in culture medium. The
culture medium used for all experiments, except preimplan-
tation embryo culture, was bicarbonate-buffered MEM-alpha
with Earle’s salts, supplemented with 75 mg/l penicillin G, 50
mg/l streptomycin sulfate, 0.23 mM pyruvate, 3 mg/ml
crystallized lyophilized bovine serum albumin, and 1 mg/ml
fetuin (Schroeder et al., 1990). All media components were
purchased from Sigma (St. Louis, MO) except fetuin, which
was isolated and purified according to Spiro (1960). OCCs
were cultured at 378C in a modular incubation chamber
(Billups Rothenberg, Del Mar, CA) infused with 5% O2, 5%
CO2, and 90% N2 for 14–16 h and the maturation status, that
is, germinal vesicle breakdown (GVB), first polar body (PB1)
emission (typical of metaphase II oocytes) was then scored
after removing the cumulus cells. Metaphase II (MII) oocytes
were then washed in fertilization medium and inseminated
with B6SJLF1 sperm. The development of MII oocytes to
2-cell stage embryos was scored at 24 h after insemina-
tion. The 2-cell stage embryos were then removed into
KSOM-AA (Ho et al., 1995) and cultured for up to 5 days.
The proportion of embryos that developed to the blastocyst
stage within 4 and 5 days was determined.
Cumulus expansion in OCCs and cumulus cells in vitro
Oocytectomized (OOX) cumulus cells, consisting of the
spherical zona pellucida surrounded by the cumulus cell mass
but deprived of the oocyte, were produced by microsurgical
removal of the oocyte from OCCs as described previously
(Buccione et al., 1990). Intact OCCs or OOX cumulus cells
were cocultured with oocytes at a density of 2 oocytes/Al
medium in a 30-Al drop of medium covered by washed
mineral oil. The medium was supplemented with 5% fetal
bovine serum and 100 U/l of FSH. The degree of cumulus
expansion was scored after 15 h culture according to asubjective scale from 0 (no expansion) to 4 (complete
expansion), and a cumulus expansion index was calculated
(range, 0–4.00) as described previously (Fagbohun and
Downs, 1990; Vanderhyden et al., 1990).
Determination of Has2 and Ptgs2 mRNA steady-state levels
The steady-state expression by cumulus cells of Has2
and Ptgs2 mRNA was determined by RNase protection
assay as described previously (Eppig et al., 1997; Joyce et
al., 2001; Su et al., 2003). The cumulus cells stripped from
80 OCCs were used for each assay.
Evaluation of oocyte maturation and ovulation in vivo
Mice were injected with 5 IU hCG 44 h after priming with
5 IU eCG. OCCs were isolated from large antral follicles 4
and 8 h after hCG. Oocyte GVB was scored after removing
cumulus cells from OCCs. Ovulation was examined at 14 h
after hCG injection. The mass of oocytes and cumulus cells
was collected from oviducts and the mucified cumulus matrix
was removed from the oocytes by incubating them in 1 Ag/ml
hyaluronidase medium at 378C. The maturation status of the
ovulated oocyte, (i.e., GVB oocyte with or without visible
PB1) was scored using a stereo microscope.
MAPK activation
Activation of MAPK in cumulus cells was determined by
detection of phosphorylated (active) forms of MAPK using
Western blot analysis as described previously (Su et al.,
2002, 2003). The total amount of MAPK (phosphorylated
and unphosphorylated forms) on the same membrane was
assayed by using a polyclonal anti-MAPK antibody (Sigma)
after stripping off the initial bound antibodies to verify that
equivalent amounts of MAPK protein was loaded into each
lane.
Presentation of data and statistical analyses
Experiments were repeated independently a minimum of
three times. The number of experimental replicates is
indicated in the figure legends. Data are presented as
mean F SEM. Data were statistically compared by ANOVA
using StatView software (SAS Institute, Inc., Cary, NC).
When a significant F ratio was defined by ANOVA, groups
were compared by using Fisher’s protected least significant
difference post hoc test. P b 0.05 was considered significant.
Percentages data were subjected to arcsine transformation
before doing ANOVA.Results
BMP15 and GDF9 are two well-described oocyte-
derived growth factors that act synergistically to promote
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oophorus embedded in a sticky, resilient, and expanded
matrix. The ovulated cumulus oophorus of DM females
lacks these characteristics and cumulus cells become
dissociated from the egg (Yan et al., 2001). Moreover,
fewer of the DM oocytes became fertilized after mating
(Yan et al., 2001). To define the etiology of this
phenotype, studies on oocyte maturation, fertilization,
and embryo development were conducted in vitro to avoidFig. 1. Developmental competence of oocytes matured in vitro. (A) The percentage
vitro with WT (B6SJLF1) sperm. (B) The percentage of 2-cell stage embryos that d
Results are the mean F SEM of three independent experiments. *Significant diffpotential confounding effects that could be produced by
complex interacting processes involved in hormone-
induced oocyte maturation, ovulation, and fertilization in
vivo. In addition, experiments involving exchange of
oocytes and cumulus cells between genotypes in vitro
assessed whether the final abnormal phenotype of the
mutant cumulus oophorus was due to abnormal develop-
ment and function of the cumulus cells before or after the
stimulation of cumulus expansion or both.of metaphase II oocytes that cleaved to the 2-cell stage after insemination in
eveloped to the blastocyst stage by 4 (d4) or 5 (d5) days after insemination.
erence (P b 0.05) from the control (Bmp15+/).
Fig. 2. Cumulus expansion in vitro. OCCs were stimulated with 100 U/L of
FSH or FSH plus 1.5 oocytes/Al fully grown WT oocytes. The cumulus
expansion index was determined as described in detail previously
(Fagbohun and Downs, 1990; Vanderhyden et al., 1990); 0 = no expansion,
4 = maximum expansion. Results show the mean F SEM of three
independent experiments. *Significant difference (P b 0.05) from the
control (Bmp15+/).
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There were no differences among the control and mutant
oocytes in their ability to mature to MII in vitro; about 75%
matured to MII in all groups (data not shown). Although,
after fertilization of MII oocytes, there were no differences
in development to the 2-cell stage among the WT, Gdf9+/,
Bmp15+/, or Bmp15/ groups, the percentage 2-cell stageFig. 3. Cumulus expansion in vitro: effect of exchanges of mutant/WT oocytes
100 U/L of FSH. (B) Intact Bmp15/Gdf9+/ double mutant OCCs stimulated
Al. (D) WT OOX cumulus oophori cocultured with 2 DM oocytes/Al. (E) Bmp15
Ten intact OCCs or OOX cumulus oophori were cultured, with or without add
experiments. The micrographs demonstrate typical results. Scale bar indicates 1embryos from DM Gdf9+/Bmp15/ MII group was
significantly (P b 0.05) reduced (87% vs. 66%) (Fig. 1A).
When development of 2-cell stage embryos to the blastocyst
stage was evaluated on day 4 of embryo culture, the WTwas
not different from the Bmp15+/ group; both were about
85% (Fig. 1B). However, 2-cell stage embryos derived from
Gdf9+/, Bmp15/, and DM Gdf9+/Bmp15/ oocytes
were retarded in their development to the blastocyst stage
(60–65%) (Fig. 1B). Nevertheless, all of the mutant groups
had caught up with the control groups by day 5 of embryo
culture so there were no differences in the percentage that
ultimately developed from the 2-cell to the blastocyst stage
(85–95%) (Fig. 1B).
Cumulus expansion in vitro
OCCs were isolated from Bmp15+/, Bmp15/,
Gdf9+/, and DM Bmp15/Gdf9+/ mice 44 h after
injection with 5 IU eCG and cultured in control medium,
medium with FSH, or medium with FSH plus normal fully
grown oocytes (1.5 oocytes/Al) for 15 h. The cumulus
oophorus was then scored for cumulus expansion (cumulus
expansion index; CEI). As shown in Figs. 2 and 3A and B,
the cumulus oophorus isolated from DM Bmp15/Gdf9+/
mice exhibited a reduced CEI compared with those from
Bmp15+/ mice (control). Coculture of the complexes
from all groups with WT (B6SJLF1) oocytes did not
promote a significant increase in the CEI in any group.
Notably, coculture of intact OCCs from DM animals with
normal WT oocytes did not render the CEI equivalent to
that of Bmp15+/ complexes (Fig. 2). This suggests that
expansion by the cumulus oophorus of the DM OCCs is
not due simply to deficient stimulation by oocyte-derivedand mutant/WT OOX cumulus cells. (A) Intact WT OCC stimulated with
with FSH. (C) WT OOX cumulus oophori co-cultured with 2 WT oocytes/
/Gdf9+/ DM OOX cumuli oophori cocultured with 2 WT oocytes/Al.
ed denuded oocytes in 30 Al of medium, for 15 h in three independent
00 Am.
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process itself.
To further test the role of mutant oocytes in the abnormal
expansion of mutant cumulus oophorus, DM oocytes or WT
oocytes were cocultured with oocytectomized (OOX) WT
cumulus cells and stimulated with FSH. As shown in Fig.
3C, and consistent with previous studies (Buccione et al.,
1990), the normal WT oocytes enabled the OOX WT
cumulus cells to undergo expansion. In contrast, the DM
oocytes did not support expansion of the OOX WT cumulus
cells to the same extent as did the normal WT oocytes
(compare Figs. 3C and D). This indicates that both BMP15
and GDF9 secreted by oocytes are important for supporting
the process of cumulus expansion.
To determine whether mutant oocytes affect the differ-
entiation of cumulus cells before the stimulation of
expansion, OOX DM cumulus cells were cocultured with
WT oocytes and stimulated with FSH. As shown in Fig. 3E,
there was reduced expansion of DM OOX cumulus cells
despite the presence of WToocytes. This suggests that GDF9
and BMP15 are required for the differentiation of cumulus
cells that would enable them to respond appropriately to
stimuli promoting cumulus expansion. This conclusion is
supported by the observation that the expansion of the
cumulus oophorus of intact DM OCC (Fig. 3B) is notablyFig. 4. Expression of Has2 and Ptgs2 mRNA in FSH-stimulated cumulus
cells isolated from Bmp15 and Gdf9 mutant mice. OCCs were treated with
FSH for 6 h and the steady-state levels of each mRNA in the cumulus cells
were assessed by RNase protection assay. The levels of Has2 and Ptgs2
mRNAwere normalized to that of Rpl19 in the same sample. The levels of
Has2 and Ptgs2 mRNA expressed in the mutant cumulus cells are
presented as relative to that in WT cumulus cells (set to a value of 1). Data
are the mean F SEM of three independent experiments. *Significant
difference (P b 0.05) from the control (Bmp15+/).
Fig. 5. Ovulation and oocyte maturation in vivo. Adult mice were injected
with 5 IU eCG followed 44 h later with 5 IU hCG and the number of
oocytes ovulated (panel A) and percentage that had progressed to
metaphase II (MII) (panel B) were determined. Data are the mean F
SEM of at least four mice. *Significant difference (P b 0.05) from the
control (Bmp15+/).diminished compared with the expansion of the DM OOX
cumulus cells cocultured with WT oocytes (Fig. 3E).
The steady-state levels of expression of Has2 and Ptgs2
after FSH treatment were also assessed because the
expression of these genes is crucial for normal cumulus
expansion. The levels of expression in mutant complexes
were shown relative to the levels found in WT cumulus cells
(set to a value of 1). Expression of Has2 was significantly
lower (P b 0.05) in the cumulus cells of Bmp15/ and of
the DM compared to expression in either Bmp15+/ or
Gdf9+/ cumulus cells (Fig. 4), but expression in Gdf9+/
cumulus cells was not different from Bmp15+/ cumulus
cells (Fig. 4). Expression of Ptgs2 was not reduced in any of
the mutant cumulus cells compared with those from
Bmp15+/ mice. Interestingly, the expression of Ptgs2 was
significantly (P b 0.05) higher in Gdf9+/ cumulus cells
compared with all the other groups of cumulus cells (Fig. 4).
Oocyte maturation in vivo
Oocyte maturation and ovulation in vivo was induced by
injection of eCG and hCG 44 h later. Consistent with
Fig. 6. The resumption of meiosis (GVB) in vivo. Adult animals were injected with 5 IU eCG followed 44 h later with 5 IU hCG. OCCs were isolated from the
large antral follicles 4 and 8 h after the injection of hCG, and after removal of the cumulus cells the percentage of oocytes that had undergone GVB was
determined. Data are the mean F SEM from at least 5 animals. *Significant difference (P b 0.05) from the control (Bmp15+/).
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oocytes were ovulated in DM females (Fig. 5A). We now
also find that significantly (P b 0.05) fewer oocytes
progressed to MII in both Bmp15/ and DM-ovulated
oocytes (Fig. 5B). The percentage of oocytes that had
resumed meiosis (undergone GVB) was assessed 4 and 8 h
after hCG injection. Although approximately 95% of the
oocytes in large antral follicles had undergone GVB by 4 h
post-hCG in Gdf9+/ and Bmp15+/ ovaries, the resump-
tion of meiosis in Bmp15/ and DM ovaries was
significantly delayed (Fig. 6).
It was shown previously that activation of cumulus cell
MAPK is necessary for the induction of GVB and that one
or more paracrine factors from the oocyte enable MAPK
activation (Su et al., 2003). We therefore assessed whether
MAPK becomes activated in the cumulus cells of DM
females 4 h after hCG administration. As shown in Fig. 7,
although the total MAPK protein in the samples was
approximately equal from all genotypes of cumulus cells,Fig. 7. Activation of MAPK in cumulus cells in vivo. Adult cycling animals w
were isolated from the large antral follicles 4 h after hCG and total and act
activation of MAPK in DM cumulus cells is greatly reduced despite similar le
same result.there was far less activation of cumulus cell MAPK in the
DM females than in the controls.Discussion
The results indicated that the DM phenotype results from
defects in cumulus cell development and functions both
before and after stimulation of cumulus expansion (Fig. 8).
Moreover, DM oocytes were delayed in the initiation of
GVB, had a reduced frequency of progression to MII and
cleavage to the 2-cell stage after insemination, and
demonstrated delayed development to the blastocyst stage.
Because functional receptors for BMP15 and GDF9 have
not been demonstrated on mouse oocytes, it is unlikely that
these growth factors function in an autocrine manner.
Therefore, the effects of mutation in Bmp15 and Gdf9
genes on oocyte development and functions must be
produced indirectly by first affecting the granulosa cellsere injected with 5 IU eCG followed 44 h later with 5 IU hCG. OCCs
ive MAPK determined by Western blot analysis. The results show that
vels of total MAPK. This experiment was repeated in triplicate with the
Fig. 8. Diagram illustrating that BMP15 and GDF9 affect the development of cumulus cells both before and after the preovulatory LH surge. These oocyte-
derived growth factors promote the differentiation of granulosa cells as cumulus cells that are able to respond normally to events and processes downstream of
the LH surge as well as enable the actual process of cumulus expansion after the LH surge.
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existence of an oocyte–granulosa cell regulatory loop
(Eppig, 2001).
The functions of both cumulus cells and oocytes are
aberrant in the mutant mice
In a previous study, we reported a fragile cumulus
oophorus after ovulation in Bmp15/ mice (Yan et al.,
2001). This phenotype was even more severe in DM mice.
After ovulation, the expanded cumulus was unstable and the
cumulus cells dispersed away from the mucified matrix
(Yan et al., 2001). Moreover, in both Bmp15/ and DM
mice, the number of oocytes that underwent fertilization
after mating was significantly reduced (Yan et al., 2001).
These findings suggested that functions of both the oocyte
and the cumulus cells are impaired without the full
complement of both BMP15 and GDF9. This hypothesis
was confirmed by our present study on in vitro oocyte
maturation, fertilization, and preimplantation development,
as well as cumulus expansion. Spontaneous hormone-
independent resumption of meiosis (GVB) and the pro-
gression of meiosis up to MII in vitro were essentially
normal in the mutant mice, suggesting that mutant oocytes
are competent to undergo normal nuclear maturation.
However, the fertilization rate of DM MII oocytes was
significantly lower, and the development of 2-cell stage
embryos to the blastocyst stage was also significantly
retarded in Gdf9+/, Bmp15/, and DM embryos, indicat-
ing that the proper expression of Bmp15 and Gdf9 in the
oocyte is necessary for optimal cytoplasmic maturation of
the oocyte. This effect is probably mediated through the
effects of GDF9 and BMP15 on cumulus cell development
and is thus an aspect of the oocyte–granulosa cell regulatory
loop that is necessary for normal oocyte development.
Cumulus expansion in isolated DM complexes was also
impaired, suggesting that normal function of cumulus cells inthe preovulatory follicles requires sufficient amounts of
BMP15 and GDF9 from the oocyte. The aberrant cumulus
expansion observed in the DM is most likely due to
insufficient synthesis of hyaluronic acid by cumulus cells,
as significantly lower levels of Has2 mRNAwere present in
DM cumulus cells. It is interesting to note that although
cumulus expansion and the expression of Has2 mRNA was
essentially normal inGdf9+/mice, the level ofPtgs2mRNA
expressed by Gdf9+/ cumulus cells was surprisingly
elevated. Why the expression of Ptgs2 mRNA in Gdf9+/
cumulus cells is up-regulated is currently unknown. An
alteration of some unknown intra- or extraovary feedback
mechanism involving GDF9 may occur in Gdf9+/ mice in
vivo, causing the expression of a higher level ofPtgs2 mRNA
in the cumulus cells. Because expression of Ptgs2 is
necessary for normal ovulation, higher expression may lead
to a higher than normal ovulation rate in mice. In fact, the
ovulation rate in Gdf9+/ mice was higher than controls in
both this and the original study (Yan et al., 2001). Higher than
normal levels of Ptgs2 were also seen in mice lacking the
BMP type I receptor, BMPR1B (also known as ALK6); these
mice were infertile and demonstrated abnormal cumulus
expansion (Yi et al., 2001).
Requirement for GDF9 and BMP15 for cumulus cell
development both before and after the LH surge
Consistent with previous reports, FSH induced cumulus
expansion in WT OOX cumulus complexes when the
complexes were cocultured with WT oocytes, indicating
that the oocyte secretes a cumulus expansion enabling factor
(CEEF). However, when WT OOX cumulus complexes
were cocultured with DM oocytes, FSH did not induce
cumulus expansion in the WT complexes supporting the
hypothesis that both BMP15 and GDF9 are oocyte secreted
CEEFs. Therefore, the production of sufficient amounts of
BMP15 and GDF9 by the oocyte is required to promote the
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the LH surge in vivo.
Coculture of DM OCCs with WT oocytes did not
significantly rescue the aberrant cumulus expansion
observed in the DM complexes, suggesting that the
differentiation of cumulus cells up to the preovulatory
LH surge in these mice is not normal. Thus, the aberrant
cumulus expansion in these mice is not solely attributable
to the loss of sufficiency of CEEFs in the mutant oocytes.
This possibility was further confirmed by coculture
experiments, in which FSH induced cumulus expansion
in WT, but not in DM OOX cumulus cell complexes,
when cocultured with normal WT oocytes. Therefore, the
production of sufficient levels of both BMP15 and GDF9
is essential for the differentiation of cumulus cells before
the LH surge. This differentiation may occur partly during
development of preantral follicles because cumulus expan-
sion can occur in vitro when OCCs are isolated from small
antral follicles (Eppig et al., 1993; Vanderhyden et al.,
1990) or during the preantral to antral follicle transition.
Acting together, BMP15 and GDF9 function at two
different stages of follicular development to promote
normal cumulus expansion. First, they promote the differ-
entiation of the pre-LH surge cumulus cell phenotype that
allows them to respond properly to the LH surge; and
second, they promote the actual processes involved in
cumulus expansion after the LH surge as modeled in
Fig. 8.
The pathways by which BMP15 and GDF9 interact to
synergistically affect the development of cumulus cells are
currently unknown. BMP15 promoted the proliferation of
rat granulosa cells isolated from early antral follicles in vitro
but suppressed differentiation of these cells induced by FSH
(Otsuka et al., 2001; Otsuka et al., 2000). This supports the
idea that the aberrant differentiation of cumulus cells in DM
Bmp15/Gdf9+/ mice is due to impaired differentiation
of cumulus cells during both early and late stages of follicle
development, perhaps by affecting responses to FSH, as
indicated by the functional studies reported here (Fig. 8).Conclusions
Oocytes, by producing sufficient amounts of BMP15
and GDF9, actively promote the development and function
of their companion granulosa cells, cumulus cells. BMP15
and GDF9 function during at least two stages in the
development of granulosa cells in mice: first, the develop-
ment from preantral granulosa cells to pre-LH surge
cumulus cells; and second, during the process of cumulus
expansion initiated by the LH surge (Fig. 8). In turn,
appropriate development of the cumulus cells promotes the
development and function of oocytes. If production of
normal levels of BMP15 and GDF9 is curtailed, develop-
ment and function of both the cumulus cells and the
oocytes will be impaired. Therefore, our present studyprovides a good example of the functioning of an oocyte–
granulosa cell regulatory loop affecting oocyte maturation,
cumulus expansion, ovulation, and the preimplantation
developmental competence of oocytes.Acknowledgments
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